Relationships between cloud-to-ground (CG)
INTRODUCTION
The Great Flood of 1993 was "one of the worst natural disasters in recent history" (Kunkel et al., 1995) ; it affected 30% of the Mississippi River Basin, killed 52 people, and caused over $18 billion in property damage. Numerous levees failed, 14 rivers had record water levels and overflowed their banks, and 536 counties were declared federal disaster areas (Williams, 1994; Kunkel et al., 1995; Changnon, 1996) .
During the Fall of 1992, almost continuous rainfall produced extremely high values of soil moisture over the central U.S., and this was followed by additional moisture from winter rain and snow. In March 1993, just prior to the Great Flood, the soil moisture over most of the Midwest and Central Plains was at maximum capacity (Rodenhuis, 1996) . Although there was above average rainfall that spring, the primary cause of the heavy precipitation and flooding during (Maddox et al., 1986) , developed along the anticyclonic side of the midlatitude jet and produced torrential rainfall over the already saturated soil (Brackenridge, 1994; Anderson et al., 1998; NWS, 1994) . On 17 June 1993 (UTC), for example, a plume of water vapor was drawn up from the Gulf of Mexico, interacted with a jet streak near the northern U.S. border, and produced a MCS over Minnesota.
This system merged with other convective storms and eventually became a back-building MCS that produced heavy rainfall and flash floods, and the outflow triggered new storms and almost continuous rainfall over the entire region. The results were 5-7 inches of rain over southern Minnesota (Scofield and Achutuni, 1994) , and more than 100,000 cloud-toground (CG) lightning flashes in the region (see Figure 1 ). The path of the MCS over southern Minnesota and Wisconsin, and the other storms over the GUMRB, is clearly evident in the pattern of the lightning data that are shown in Figure 1 .
Because of the magnitude of the Great Flood disaster, a wealth of information has been collected on the synoptic patterns and dynamics of the flood-producing storms and the climatology of the region, as well as other hydrological and agricultural data (e.g. Brackenridge et al., 1994; Changnon, 1996; Walker et al., 1994; Guttman et al., 1994; Williams, 1994; Kunkel, 1995; NWS, 1994 (Woodley et al., 1975; Zawadzki, 1975; Wilson and Brandes, 1979; Austin, 1987; Joss and Waldvogel, 1990; Anagnostou et al., 1999) , the rain gauge and radar studies are listed in separate tables. Although some studies (Petersen et al., 1999; Lang et al., 2000) have found anomalously low CG flash rates associated with intense rainfall, and as a result, a large rain volume per CG flash (CGF), the values of rain volume per CGF in Table 1 Tables 1a and 1b were not corrected for the imperfect detection efficiency (DE) of the lightning detection systems. This point will be considered further below, but to facilitate comparisons with the prior literature, in the following we will give both the reported flash counts and an estimate of the true counts based on a study of the NLDN DE in 1993.
DATA
The Greater Upper Mississippi River Basin (GUMRB), as defined by Kunkel et al. (1994) , is outlined in Figure 2 
a. Cloud-to-Ground Lightning
Data reported by the U.S. National Lightning Detection Network™ (NLDN) (Cummins et al., 1998a,b) have been used to quantify how much cloud-to-ground lightning occurred over the GUMRB during the summers of 1992, 1993, and 1994 . Figure 3 shows the daily counts of positive 6 /1 /1 9 9 3 6 /8 /1 9 9 3 6 /1 5 / 1 9 9 3 6 /2 2 / 1 9 9 3 6 /2 9 / 1 9 9 3 7 /6 /1 9 9 3 7 /1 3 /1 9 9 3 7 /2 0 / 1 9 9 3 7 /2 7 / 1 9 9 3 8 /3 /1 9 9 3 8 /1 0 /1 9 9 3 8 /1 7 / 1 9 9 3 8 /2 4 / 1 9 9 3 8 /3 1 / 1 9 9 3 The monthly counts of CG flashes that the NLDN reported over the GUMRB are given in Table 2a, and those over the UMRB are given in Table 2b .
We have estimated the excess lightning counts that occurred during the Great Flood by subtracting the average of the monthly counts in 1992 and 1994 from the corresponding count in 1993. We are only using two years to estimate the average in 1993 because the NLDN configuration and performance were improved in 1995 (Cummins et al., 1998b) . Note that the NLDN reported a total of 3.6 x 10 6 CG flashes over the GUMRB in June, July, and August, and that 2.1 x 10 6 of these reports were above the seasonal average.
The lightning counts given in the upper portions of Tables 2a and 2b 
b. Precipitation
Two datasets have been used to estimate the daily and monthly rain volumes that fell over the GUMRB: (1) the daily, basin average rain depths provided by Kunkel et al. (1994) (Bras and RodriguezIturbe, 1993) , the large spatial scales of both the storms and the basins suggest that the errors in these measurements are minimal (Huff and Shipp, 1969; Zawadzki, 1973; Drufuca and Zawadzki, 1975; Seed and Austin, 1990; Ungersbock et al., 2001) . Figure 4 shows the daily average rain depth over the GUMRB from June 1 to August 31, 1993, based on the NWS Cooperative Observer reports (Kunkel 2001, personal communication) . Note that there were several periodic episodes of intense rainfall and that the intervals between them were not long enough to reduce the soil moisture significantly (Kunkel, 1996) . Table 3 gives the climatological average precipitation depth and the associated rain volume, together with the excess rainfall that occurred over the GUMRB and the UMRB during the months of June, July, and August of 1993.
Note that the total volume over the GUMRB was 3.9 x 10 11 m 3 , and that the excess was about 2.8 x 10 11 m 3 .
c. Streamflow

Streamflows in the Mississippi River and its various tributaries are measured by the United
States Geological Survey (USGS) at a number of sites along the rivers. Because the soil in the GUMRB was almost completely saturated by late spring, most of the summer rain over this area became runoff, and therefore, the integrated streamflow was a large fraction of the rain in Figure 5 . The right column in Table 3 shows the average and the excess stream volumes during June, July, and August, 1993. Note that the monthly stream volumes in Table 3 are about a factor of two lower than, but still consistent with, the monthly rain volumes over the UMRB. We expect lower values of streamflow because there will necessarily be some soil evaporation and absorption (Linsley et al., 1982) , and also because many levees failed in the UMRB and caused stream overflows and standing water outside the riverbeds (Williams, 1994; Kunkel et al., 1995; Changnon, 1996) .
RESULTS
a. Daily Precipitation Volume per CG Flash
Because there was little rain or lightning on June 5, June 6, June 21, and July 29, these days have been omitted from our dataset. The excess precipitation volumes per reported (and corrected) excess CG counts in Table 4 range from 6.3 x 10 4 to 1. Results similar to those in Table 4 were also found over just the UMRB sub-region of the GUMRB. The excess monthly rain volume per reported CG flash over the UMRB ranged from 8.1 x 10 4 to 2.1 x 10 5 m 3 /CGF, with an overall mean of 1.5 x 10 5 ± 6.5 x 10 4 m 3 /CGF.
c. Monthly Precipitation Volume per CG Flash
d. Excess Streamflow Volume per Excess CG Flash in the UMRB
The excess stream volume per CG flash over the UMRB has been computed by dividing the excess stream volume at Keokuk, Iowa (see Table 3 and Figure 5 ) by the excess number of CG flashes that the NLDN reported over the UMRB (Table 2b) . The results are shown in 
